Somatostatin (SRIF) regulates secretion from several endocrine cell types. SRIF inhibits both insulin and glucagon secretion and reduces insulin gene expression. However, whether SRIF inhibition of glucagon secretion from the pancreatic alpha cell is mediated via pertussis toxin-sensitive G-proteins is not presently known, nor has it been determined whether SRIF can regulate glucagon gene expression. Consequently, we performed studies in the transformed islet cell line HIT-T15 to determine whether the inhibitory effect of SRIF on glucagon exocytosis is preserved in this cell line, whether this effect is mediated through a pertussis toxinsensitive mechanism, and whether SRIF has an inhibitory effect on glucagon gene expression. Confocal microscopy with immunostaining revealed that 15-25% of HIT-T15 cells contained glucagon. In static incubations forskolin (FSK, 1 gAM) increased glucagon secretion 3.6+0.9-fold (P < 0.01) and mixed amino acids (15 mM) increased glucagon secretion 2.8±0.4-fold (P < 0.01). Addition of SRIF significantly inhibited both forskolin-and amino acid-stimulated secretion. Maximal inhibition of both FSK-and amino acidstimulated secretion occurred at SRIF concentrations 2 10-8 M and these inhibitory effects were completely prevented by pertussis toxin pretreatment. In addition to inhibiting glucagon secretion, SRIF significantly reduced both basal and FSK-stimulated glucagon mRNA levels and this reduction in glucagon mRNA was completely prevented by the addition of cyclic AMP analogue. Glucagon gene promoter activity, as assessed by transient transfection experiments, was stimulated 2.1+0.25-fold by forskolin (P < 0.01). This effect was significantly inhibited by SRIF (71+4% reduction from FSK alone, P < 0.04) suggesting that SRIF inhibition of the glucagon promoter may, at least in part, account for the observed decrease in glucagon mRNA levels. These studies uniquely demonstrate that glucagon secretion from the HIT-T15 cell line is inhibited by SRIF through a pertussis toxin-sensitive mechanism and 
Introduction
Somatostatin (SRIF)' inhibits hormone secretion from a number of endocrine cell types. In some cells, including the pancreatic 6 cell, this process is known to occur via specific pertussis toxin-sensitive guanine nucleotide binding proteins (G-proteins) (1 ) . Within the pancreatic islet, SRIF inhibits both glucagon and insulin release. However, it has not been established whether SRIF inhibition of glucagon secretion from the pancreatic alpha cell is dependent on pertussis toxin-sensitive Gproteins. In addition, the effects of SRIF on the pancreatic alpha cell have been generally assumed to occur only at the level of hormone exocytosis. However, we have previously reported that SRIF decreases levels of insulin mRNA and reduces insulin gene promoter activity (2, 3) . This raises the possibility that SRIF might also regulate glucagon gene expression, a notion supported by data from others indicating that islet hormone products such as insulin and glucagon can regulate glucagon gene expression. For example, Philippe demonstrated that insulin inhibits both glucagon release and glucagon gene transcription in a hamster islet cell line (4) and Drucker, using a transgenic mouse model, demonstrated that circulating glucagon can inhibit expression of its own gene (5) .
The HIT-T15 cell is an SV-40-transformed hamster islet cell line that synthesizes and secretes predominantly insulin (6) . These cells have been widely used in studies of regulated insulin secretion (7) . However, this cell line also exhibits regulated glucagon secretion (8) and gene expression (9) and has been used successfully in studies of both insulin (3, 10) and glucagon gene promoter activity (9) .
These studies were performed (a) to more completely characterize glucagon content and secretion from HIT-T15 cells; (b) to determine whether SRIF inhibition of glucagon secretion in these cells is dependent on pertussis toxin-sensitive substrates; and (c) to ascertain whether SRIF may have previously unrecognized regulatory effects on glucagon gene expression.
Methods
Cell culture. HIT-T15 cells were grown in 5% C02/95% air at 370C and maintained in RPMI-1640 culture media containing 11.1 mM glucose and 10% fetal bovine serum. Media were changed every 2-3 d and cells were passed weekly after trypsin-EDTA detachment. Studies were performed using passages 73-90.
Glucagon content, immunohistochemistry, and confocal microscopy. Glucagon content was determined using 1 x 106 cells subcultured for 48 h in 12-well culture plates. Samples were prepared by acid ethanol extraction (6) and assayed for glucagon content by radioimmunoassay using antibody 04 as described previously (11) . Immunohistochemistry and confocal microscopy were performed on HIT-TI5 cells (passages 75 and 93) grown on coverslips in 12-well plates in RPMI-1640 culture media containing 10% fetal bovine serum, penicillin, streptomycin, and amphotericin B. During log-phase growth, the cells were fixed with 4% paraformaldehyde for 30 min at room temperature. The cells were then thoroughly washed with PBS before applying the primary antiserum diluted in PBS/0.3% Triton (mouse monoclonal antiinsulin [NovoBiolabs, Bagsvserd, Denmark] at 1:100, rabbit antiglucagon at 1:200, and rabbit anti-SRIF at 1:200). Cells were incubated in the presence of the primary antibody overnight at 4°C. For the single labeling experiments, the second antibodies were cyanine 3.18-labeled donkey anti-rabbit or cyanine 3.18-labeled donkey anti-guinea pig serum diluted to 1:500 with PBS. The cells were then washed six times with PBS before mounting in no-fade medium and fixation onto glass slides. For the doublelabeling experiments, the procedures were similar except that the cells were treated with successive applications of the primary antibodies. The secondary antibodies were either cyanine 3.18-labeled donkey antiguinea pig diluted to 1:400 or fluorescein-labeled donkey anti-rabbit diluted to 1:150 in PBS (Jackson ImmunoResearch, West Grove, PA). The immunostained specimens were examined with a confocal microscope (MRC-600) equipped with a krypton/argon laser (both from Bio Rad Corp., Hercules, CA). For the double-labeling experiments, images were pseudo-colored with either red or green using Confocal Assistant software written by T. C. Brelje (Department of Cell Biology and Neuroanatomy, University of Minnesota). In merged images the cells appeared either red, green, or in the case of colocalization, yellow. Final image processing was done using Adobe Photoshop and printed using a Kodak XL 7700 digital printer. Details of these procedures have been reported previously (12, 13) .
Secretion studies. Glucagon secretion from HIT-TI5 cells was assessed in static incubation studies modified from the protocol of Diem et al. (8) . After 48-h subculture of 1 x 106 cells/well in 12-well culture plates, media were removed and the cells were stabilized for 30 min in KRB (119 mM NaCl, 4.74 mM KCl, 2.5 mM CaCl2, 1.19 mM MgSO4, 1.19 mM KH2PO4, 25 mM NaHCO3, 10 mM Hepes, 0.1% bovine serum albumin, pH 7.40) containing 11.1 mM glucose. Test buffer (2.8 mM glucose) with either physiologic mixed amino acids (14) or forskolin (FSK, 1 ,uM) in the presence or absence of a range of SRIF concentrations was then applied to each well. Cells were incubated at 37°C for 60 min. Incubated samples were harvested and glucagon was measured by radioimmunoassay. Aprotinin/EDTA (100 mU/ml/0.2 mM) was added to samples for inhibition of proteolysis. Pertussis toxin studies were performed by preincubating cells for 16 h with RPMI-1640 containing 20 ng/ml pertussis toxin before addition of FSK. Mixed amino acids were prepared in KRB from reagent grade stock. FSK was purchased from Sigma Immunochemicals (St. Louis, MO) and SRIF-14 was obtained from Bachem California (Torrance, CA). In static incubation studies and media preparations, 1O-6 M FSK was used because this concentration has been shown previously to be maximally stimulatory for both insulin secretion and cAMP generation in HIT cells (15) . To determine glucagon secretion as a percentage of total content, subcultured cells were prepared as described above, and further cultured for 24 h in the presence or absence of I0-M SRIF. Media were reapplied 6 h before harvest and then collected for glucagon determination. Acidextracted glucagon content of cells was then determined and fractional secretion was calculated as the percentage of total glucagon content.
All static incubation studies were performed on duplicate wells in four to eight separate experiments.
Northern analysis. HIT cells plated at a density of 5-8 x 10' cells in 60-mm petri dishes were exposed to either RPMI-1640 (11.1 mM glucose), or this same media supplemented with SRIF (10-' M), FSK ( 10-6 M), or both for 24 h. Test media were reapplied to each plate every [8] [9] [10] [11] [12] h. Cells were washed twice with cold PBS and mRNA was isolated according to the procedure of Chomczynski et al. (16) . Total RNA (2-10 ttg) was fractionated on 1.5% agarose-formaldehyde gels and transferred to nylon hybridization membranes by electroblotting. Prehybridization and hybridization were performed using 50% formamide; Sx SSC; 5x Denhardts; 50 mM sodium phosphate, pH 5.85; 0.1 mg/ml salmon sperm DNA; and 0.1% SDS. Membranes were prehybridized at 420C overnight. Rat preproglucagon cDNA probe (gift of D. Drucker, Toronto, Ontario, Canada) oligo-labeled with [32P]d-CTP was added and membranes were hybridized for an additional 18 h at 42TC. Membranes were rinsed three times with lx SSC, 0.1% SDS, and then further washed in 0.lx SSC, 0.1% SDS at 60CC for 90 min.
Membranes were exposed to x-ray film for 4-48-h intervals at -70°C and RNA was quantitated by scanning densitometry of autoradiographs. For purposes of normalization, membranes were stripped at 80'C for 1 h in Tris-EDTA buffer (1 mM EDTA, 10 mM Tris, pH 8) and reprobed with 32P-labeled human /3-actin cDNA. The effect of exogenous cAMP on glucagon mRNA level was assessed by the addition of 5 mM 8-BrcAMP to media in the presence and absence of SRIF (10-'). After 24 h of exposure these cells were harvested and RNA extracted as described above. 2.5-5 mg total RNA was applied to slot blot apparatus and membranes were hybridized with glucagon and fl-actin cDNA and quantitated as described above. For statistical comparisons, data from multiple experiments were analyzed and are expressed as relative glucagon mRNA/f3-actin mRNA.
Glucagon promoter activity. Studies of glucagon promoter activity were performed in HIT-T15 cells using a rat glucagon promoter-chloramphenicol acetyltransferase (CAT) reporter construct (gift of D. Drucker). This plasmid (designated GluCAT) contains a 1.1-kb fragment of the rat glucagon gene 5 '-flanking region ligated directly upstream of the CAT coding sequence (17) . Transient transfections were performed in cells subcultured in 6-well culture plates at a density of 1.5 x 106 cells/well. After 2-d subculture, cells were washed twice with serum-free RPMI-1640 media and incubated for 4 h with 1 ml serum-free RPMI-1640 media containing 1.0 jg of GluCAT and 4 Ag Lipofectin (BRL Technologies, Inc., Gaithersburg, MD). After 4 h the transfection media were removed by aspiration and 3 ml of either RPMI- 1640 media or media containing SRIF (10-7 M), FSK (10-6 M), or both were applied. 24 h later (28 h after transfection), media were aspirated and cells were washed twice with cold PBS and scraped in 1 ml 40 mM Tris, pH 7.4, 1 mM EDTA, 150 mM NaCl. The cell suspension was pelleted in microfuge tubes, resuspended in 0.25 M Tris, pH 7.4, and cells were lysed by three freeze-thaw cycles. An aliquot of the supernatant was then assayed for protein by the method of Lowry ( 18) . CAT activity was determined using 15- 
Results
Immunohistochemistry. HIT-T15 cells (passage 76) were examined for the presence of insulin, glucagon, and SRIF (Fig. 1) . Insulin was observed in -55% of the cells. Among the insulinpositive cells there was a range of staining intensity, suggesting heterogeneity in the amount of insulin contained within these cells. Glucagon was present in -25% of the cells. There was little heterogeneity in glucagon-staining intensity, with most of the glucagon-containing cells having a uniform bright appearance. Less than 1% of cells contained SRIF. To further characterize hormone content, HIT cells were double-stained for insulin and glucagon (Fig. 2) . By merging the images it was possible to determine whether there was colocalization of more than one hormone within a cell. Most of the HIT cells contained only insulin; however, 10% of the insulin-containing cells also stained for glucagon. Of the glucagon-containing cells, -75% of these contained only glucagon. SRIF did not colocalize with other hormones. These experiments were repeated for HIT cells at later passage (passage 93). In general, the results were similar to those obtained for the younger passage cells. However, the number of insulin-positive cells in the older passage was reduced to 25% of the total cells. Glucagon was observed in -15% of these cells and SRIF in < 1% of cells. Of the insulin- containing cells, 15% also contained glucagon, and 25% of the glucagon-containing cells contained insulin. Glucagon (Fig. 3) . Mixed amino acids stimulated a dose-dependent increase in glucagon release with halfmaximal secretion achieved at an amino acid concentration of -15 mM. At this amino acid concentration, glucagon secretion rose from 679±213 to 1,914±264 (P < 0.01). Similarly, FSK (10-6 M) stimulated glucagon release from basal levels of 1,106±161 to FSK-stimulated levels of 3,981±985 (P < 0.01). SRIF inhibition of both FSK-and amino acid-stimulated secretion was dose dependent and is shown in Fig. 4 . Maximal inhibition of secretion was achieved at SRIF concentrations 2 M. SRIF inhibited amino acid-stimulated glucagon secretion by a maximum of 93 ±4% (Fig. 4 A) and inhibited FSK-stimulated secretion by 98±1% (Fig. 4 B) Effect ofpertussis toxin pretreatment on SRIF inhibition of glucagon secretion. Neither basal nor FSK-stimulated glucagon release from HIT-TI5 cells was affected by pretreatment with pertussis toxin. However, the significant inhibition of FSK-stimulated glucagon secretion in the HIT cell was completely prevented by pertussis toxin pretreatment (Fig. 5) .
Effect ofSRIF on glucagon mRNA levels. The level of glucagon mRNA in HIT-T15 cells was evaluated by Northern analysis after 24 Fig. 7 with data presented as relative glucagon/f,-actin mRNA. SRIF decreased basal glucagon mRNA levels to 59±7% of basal (P < 0.05). FSK significantly increased gluca- Significant inhibition occurred at all SRIF concentrations a 10-to M with maximal inhibition observed at SRIF concentrations a 10-M. 1-h static incubations were performed on replicate wells as described in Methods.
gon mRNA (181±27% of basal, P < 0.05) and addition of SRIF significantly reduced this FSK-stimulated increase in mRNA ( 113±22% of control, P < 0.04).
In the cAMP add-back experiment, HIT cells were exposed to SRIF in the presence or absence of 8-Br-cAMP. SRIF exposure again reduced glucagon mRNA (87% reduction versus basal). Addition of 8-Br-cAMP caused a 2.6-fold increase in glucagon mRNA levels and completely prevented the SRIFinduced reduction in glucagon mRNA (8-Br + SRIF = 3.6-fold increase over basal).
Effect of SRIF on glucagon promoter activity. Glucagon promoter activity was assessed using the GluCAT promoter construct in transient transfection experiments. CAT activity was determined after 24-h exposure of HIT-T15 cells to either basal culture media or media supplemented with SRIF, FSK, or both (Fig. 8) . SRIF alone did not significantly reduce basal promoter activity (control 100% vs. SRIF 117±15%, P = NS).
However, 24-h exposure to 1 IM FSK significantly increased glucagon promoter activity (211±28% of control, P < 0.01), 2500 Kendall et al. and simultaneous incubation with SRIF significantly reduced this FSK-stimulated increase (148±13% of control, P < 0.05).
Discussion
These studies were designed to establish whether SRIF inhibits glucagon secretion from HIT-T15 cells via pertussis toxin- (22, 23) , through a cAMP-responsive regulatory element previously identified within the 5 '-flanking region of the glucagon gene. More recently, glucagon gene expression in HIT cells has also been altered by inducing cell depolarization and calcium influx (9) .
Although the present studies have not addressed the specific mechanisms by which SRIF inhibits glucagon gene expression, the work of others quoted above suggests that this effect may be mediated through the known glucagon promoter cAMP-responsive element (22, 23) . SRIF-induced reductions in alpha cell adenylate cyclase activity would be anticipated to reduce cellular cAMP content, and this could directly reduce rates of glucagon gene transcription. In our studies, addition of exogenous cAMP analogue completely prevented the SRIF-induced reduction in mRNA, further supporting that cellular cAMP concentrations play an important role in mediating SRIF effects on the glucagon gene. On the other hand, it is also possible that SRIF-induced inhibition of cell depolarization or calcium influx (9) , which themselves directly alter glucagon gene expression, could account for reductions in rates of glucagon gene transcription. That SRIF could induce posttranscriptional changes (such as decreased mRNA stability) remains a possibility even though we have demonstrated that decreased glucagon promoter activity in the HIT cell occurs in parallel with the reductions observed in mRNA levels. It seems unlikely that nonspecific effects on cell growth or total mRNA synthetic activity could be responsible for the changes we have observed because we normalized the Northern analysis data for total cellular mRNA content and levels of /3-actin mRNA, and the transcription studies were normalized for nonspecific effects on a constitutive promoter of RSV.
In summary, we have uniquely demonstrated that SRIF regulates glucagon secretion in a pancreatic cell line through pertussis toxin-sensitive mechanisms that likely involve species of inhibitory G-proteins. In addition, SRIF also inhibits glucagon gene expression, at least in part by reducing rates of glucagon promoter activity. These findings suggest that SRIF can coordinately modulate glucagon delivery by the alpha cell both at the level of hormone synthesis and hormone secretion.
